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ABSTRACT: Poly(p-phenylene benzobisoxazole) (PBO) has been synthesized in the presence of single-
wall carbon nanotubes (SWNTSs) in poly(phosphoric acid) (PPA) using typical PBO polymerization
conditions. PBO and PBO/SWNT lyotropic liquid crystalline solutions in PPA have been spun into fibers
using dry-jet wet spinning. The tensile strength of the PBO/SWNT fiber containing 10 wt % SWNTs is
about 50% higher than that of the control PBO fibers containing no SWNTSs. The structure and morphology

of these fibers have been studied.

Introduction

PBO (Figure 1a), a rigid-rod polymer, is characterized
by high tensile strength, high stiffness, and high
thermal stability.1=2 Mechanical and electrical proper-
ties of SWNTs* (Figure 1b) are predicted to be quite
extraordinary.>~° The single-wall carbon nanotube di-
ameter is reported to vary from 0.4 to above ~3 nm.®
To take advantage of the extraordinary mechanical,
electrical, and thermal properties of carbon nanotubes,
several studies have been reported where attempts have
been made to reinforce polymer and other matrix
systems with carbon nanotubes. These studies include
pitch/SWNT composite fiber,10 polystyrene/MWNT (mul-
tiwall carbon nanotubes),’* PMMA/SWNT,*2 and polypro-
pylene/nanocarbon fiber.13 While these studies confirm
the potential benefits of reinforcing polymer and other
matrices with carbon nanotubes, the challenge is to
achieve good SWNT dispersion in the polymer and other
matrices at significant nanotube weight fractions. In
this paper we report PBO synthesis in poly(phosphoric
acid) (PPA) in the presence of SWNTs, where SWNTs
are well-dispersed, and the results of PBO/SWNT fiber
processing as well as structure—property studies.

Experimental Methods

The liquid crystalline solutions are prepared by the in-situ
polycondensation of bis(aminothiophenol) or bis(aminophenol)
as their dihydrochlorides and aromatic diacid monomers in
the presence of SWNTs. The in-situ polymerizations are
carried out in PPA to give polymer or the polymer/SWNT
concentrations of 14 wt %, which forms an anisotropic reaction
mixture. SWNT concentrations were 0, 5, and 10 wt % with
respect to the polymer concentration utilized in the polymer-
ization. SWNTs used in this study had an average diameter
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of ~0.95 nm and were produced from the high-pressure carbon
monoxide (HiPco) process developed at Rice University.}415 As
an example, a description of the polymerization scheme of
PBO/SWNT (95/5) is given below.

Into a 250 mL glass flask, equipped with a mechanical
stirrer and a nitrogen inlet/outlet, were placed 4.2612 g (0.02
mol) of 1,4-diaminoresorcinol dihydrochloride, 4.0605 g (0.02
mol) of terephthaloyl chloride, and 12.14 g of phosphoric acid
(85%). The resulting mixture was dehydrochlorinated under
a nitrogen atmosphere at 65 °C for 16 h and subsequently at
80 °C for 4 h. At this stage, 0.234 g of purified'® and vacuum-
dried HiPco nanotubes was added to the reaction flask. The
mixture was heated to 100 °C for 16 h while stirring and then
cooled to room temperature. P,Os (8.04 g) was added to the
mixture to generate poly(phosphoric acid) (77% P,0s). The
mixture was stirred for 2 h at 80 °C and then cooled to room
temperature. Further P,Os (7.15 g) was then added to the
mixture to bring the P,Os concentration to 83% and the
polymer concentration to 14 wt %. The mixture was heated at
160 °C for 16 h with constant stirring. Stir opalescence was
observed during this step. The mixture was finally heated to
190 °C for an additional 4 h while stirring. An aliquot of the
polymer solution (generally referred to as dope) was precipi-
tated, washed in water, and dried under vacuum at 100 °C
for 24 h. An intrinsic viscosity of 14 dL/g was determined in
methanesulfonic acid at 30 °C.

A control polymerization of pure PBO was also carried out
under the same conditions without adding SWNTSs. For PBO/
SWNT (90/10) composition, 0.47 g of purified HiPco tubes
(SWNT) was added to the mixture. The sequence of steps and
polymerization conditions remain the same as those for PBO/
SWNT (95/5) composition. Intrinsic viscosity values of PBO
and PBO/SWNT (90/10) were 12 and 14 dL/g, respectively.

PBO and PBO/SWNT fibers were dry-jet wet spun using a
piston driven spinning system manufactured by Bradford
University Research Ltd. Polymer dope preheated to 50 °C was
transferred under a dry nitrogen atmosphere to the spinning
cylinder and was heated to 100 °C for about 5 h before
spinning. A 50 um stainless steel filter (from Anderson Wire
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Figure 2. Crossed-polarized optical micrographs of (a) 14 wt % PBO in PPA and (b) 14 wt % PBO/SWNT (90/10) in PPA.

Table 1. Mechanical Properties of PBO and PBO/SWNT Composite Fibers

fiber diameter tensile modulus strain to tensile strength compressive
sample (um) (GPa) failure (%) (GPa) strength (GPa)

PBO 22+2 138 + 20 20+£0.2 26 +0.3 0.35+0.6
PBO/SWNT (95/5) 25+2 156 + 20 23+03 3.2+03 0.40 £ 0.6
PBO/SWNT (90/10) 25+ 2 167 £15 28+0.3 42+05 0.50 £ 0.6

Works, Inc.) was used in line for fiber spinning, and the 5

spinneret diameter was 250 um. PBO and PBO/SWNT (95/5) 45 PBO/SWNT(O0/10)

fibers were spun at 100 °C, while PBO/SWNT (90/10) was spun "

at 150 °C. The fiber exited into a 10 cm long air gap before

entering a distilled water coagulation bath maintained at room 351

temperature. Draw ratios as high as 10 were achieved. Fibers 5 34

were wound on a plastic spool, washed in running water for a €. PBO

week, and subsequently dried overnight in a vacuum at 80 §

°C. Dried fibers were heat-treated at 40 MPa tension in & 2]

nitrogen at 400 °C for 2 min using a Thermolyne 21100 tube 1.5 1

furnace. 1]
Optical microscopy on the PBO and PBO/SWNT dopes was

carried out on a Leitz polarizing microscope. Thermogravi- 05

metric studies were conducted at 10 °C/min using a TA 0 . o ) o ) s .

Instruments TGA 2950. Fiber shrinkage and creep studies
were carried out using a TA Instruments TMA 2940. For
tensile testing, fibers were mounted on cardboard tabs. Testing
was performed on an Instron universal tensile tester (model
5567) using 2.54 cm gage length at a strain rate of 2%/min.
About 20 samples were tested in each case. Fiber diameters
were measured using laser diffraction. Wide-angle X-ray
diffraction was performed on a multifilament bundle on a
rotating anode X-ray generator (RU-200BH, Rigaku-Rotaflex,
20 kV, 50 mA) with Cu Ka radiation (1 = 0.154 nm) using a
Statton camera. Patterns were collected on Kodak stage-
phosphor screens and read using a Molecular Dynamics Storm
820 image plate reader.

Raman spectra were taken using an Almega dispersive
visible Raman spectrometer (Thermo Nicolet). A 785 nm
incident light excitation was used, and the laser beam was
focused on the fiber samples using an optical microscope
(Olympus BX50) with a 50x objective lens. A low (10%) laser
excitation power was maintained to minimize sample heating,
which often results in a spectral downshift. A reference
spectrum was monitored throughout the entire experiment and
Raman shift caused by heating was negligible. A 25 um slit
was used as an aperture to collect the 180° backscattered
radiation through the microscope.

Results and Discussion

Figure 2 shows optical micrographs of PBO and PBO/
SWNT (90/10) dope under crossed polarizers. No ag-
gregates are observed in the PBO/SWNT dope, suggest-
ing good SWNT dispersion at the optical scale during
PBO polymerization conditions. By comparison, optical
microscopy of melt-blended PP/SWNT showed distinct
SWNT aggregates.”

The mechanical properties of heat-treated PBO and
PBO/SWNT composite fibers are given in Table 1, and

Strain (%)

Figure 3. Typical stress—strain curves for PBO and PBO/
SWNT (90/10) fibers.

typical stress—strain curves are shown in Figure 3. The
modulus data have not been corrected for instrumental
compliance, which means that the actual modulus value
is higher than the measured value.’® It is also well-
known that the tensile strength can exhibit significant
gage length dependence,!® and the data in Table 1 have
been obtained at only one gage length (2.54 cm), which
means that the tensile strength at shorter gage lengths
is expected to be higher. The data in Table 1 show that
tensile modulus, tensile strength, and elongation to
break of PBO/SWNT (90/10) fiber are higher than the
values for the control PBO fiber by approximately 20,
60, and 40%, respectively. The higher tensile strength
of the fiber containing SWNT is qualitatively consistent
with the higher tensile strength predictions for SWNT
as compared to PBO. Several PBO and PBO/SWNT
spinning and heat-treatment trials were conducted.
Average PBO tensile strength values for these trials
varied between 1.8 and 2.6 GPa, and that for the PBO/
SWNT (90/10) fibers varied between 2.9 and 4.2 GPa.
Thus, for various trials a tensile strength increase of
40—60% was obtained by incorporating 10 wt % SWNT
in PBO. The tensile strength of the commercial PBO
fiber (Zylon HM) is 5.8 GPa.? If similar tensile strength
improvement with the incorporation of SWNTs is
achieved in Zylon, then it should result in a fiber with
a tensile strength above 8 GPa.

Work of rupture per unit volume, as measured by area
under the stress—strain curve, for the PBO and PBO/
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Figure 4. Thermal shrinkage at 25 MPa stress in PBO and
PBO/SWNT (90/10) when heated at 10 °C/min in nitrogen.

0.16
— —— PBO _
PBO/SWNT (90/10) -
— —
—
—
0.12 -
8 -
£ ~
o
5 ~
= 008 - v
.é) /
§ /
(3] /
0.04 /
0.00 T T T T T T T
0 2 4 6 8 10 12 14 16
Time (min)

Figure 5. Creep behavior of PBO and PBO/SWNT (90/10)
fibers at 400 °C at a stress of 250 MPa.

SWNT (90/10) fibers was 22 and 53 MPa, respectively.
Compressive strength, measured using recoil test,?°
shows moderate improvement with the addition of
SWNTs. This is consistent with the previous reports
suggesting that the addition of inorganic whiskers?! and
carbon nanotubes!® can improve fiber compressive
strength. The coefficient of thermal expansion (CTE)
obtained from the data in Figure 4 for PBO and PBO/
SWNT (90/10) fiber is —6 and —4 ppm/°C, respectively.
PBO/SWNT (90/10) also exhibit reduced creep at 400
°C as compared to the control PBO fiber (Figure 5).
Thermal degradation behavior of PBO/SWNT (90/10) in
nitrogen (Figure 6) as well as in air (not shown) is
comparable to that of the pure PBO fiber. For compari-
son, thermal degradation behavior of SWNTSs is also
plotted in Figure 6.

X-ray diffraction of PBO/SWNT fibers up to 10 wt %
SWNT is essentially the same as that for the control
PBO fiber (Figure 7). The full width at half-maximum
values for the azimuthal scans (not shown) of the (100)
reflection?? in PBO and PBO /SWNTSs (90/10) composite
fibers were both 15°, indicating identical PBO orienta-
tion in the two. X-ray diffraction studies were done on
a multifilament bundle. Single-filament studies using
synchrotron radiation will enable more accurate deter-
mination of orientation and structural parameters to
determine any subtle influence of the SWNT on the
structure and organization of PBO crystalline regions
and fibrillar structure.
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Figure 6. Weight loss in PBO, PBO/SWNT (90/10), and
SWNT when heated at 20 °C/min in nitrogen.
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Figure 7. Wide-angle X-ray diffraction: (A) meridional and
(B) equatorial scans of (a) PBO, (b) PBO/SWNT (95/5), and (c)
PBO/SWNT (90/10) composite fibers.

Rigid-rod polymeric fibers such as PBO and poly(p-
phenylene benzobisthiazole) (PBZT) are fibrillar.?® Trans-
verse fibril dimensions in the 7—10 nm range have been
reported in PBZT.2* Likewise, SWNTs assemble into
“ropes” of about 10 nm diameter.2> The term “rope” used
by the carbon nanotube community represents a similar
structural assembly as the term “fibril” used by the
polymer and fiber community. From extensive scanning
electron microscopic examination (SEM photographs not
shown) of PBO and PBO/SWNT composite fibers, it was
not possible to say whether any given fibril contained
only PBO molecules, SWNT molecules, or both.
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Figure 8. Raman spectra of (a) SWNT, (b) Zylon HM (PBO),
and (c) PBO/SWNT (90/10) fibers.

The dc electrical conductivity, measured by four-probe
method, of both PBO and PBO/SWNT (90/10) fibers was
below the resolution limit of the instrument: ~1 x 10~1!
S/m. It is reported for other systems that the percolation
threshold for tubes with large aspect ratios aligned
along the fiber axis is ~20 vol %.2627 On the other hand,
for solution-spun polyamide 11 fibers containing intrin-
sically conducting polyaniline, the critical concentration
for percolation was only 5 wt %, and conductivity
increased with increasing fiber draw ratio.?® Authors
attributed this to phase separation, forming fibril-like
channels of polyaniline in polyamide 11, resulting in a
low percolation threshold. The fact that 10 wt % SWNT
did not significantly increase the dc conductivity sug-
gests they are well-dispersed and highly aligned. If
SWNTs were slightly misaligned or aggregated into
clusters with some finite structure orthogonal to the
fiber axis, a low percolation threshold should be ob-
served.

Raman spectra of the HiPco SWNT, PBO (Zylon HM),
and PBO/SWNT (90/10) fibers are given in Figure 8. The
tangential mode of the pristine SWNT was observed at
1592 cm™i. The vibration mode of the backbone p-
phenylene ring was observed in PBO?° as a strong peak
at 1618 cm~1 along with prominent peaks at 929, 1168,
1207, 1279, 1304, 1414, 1485, and 1541 cm™1. The
discernible tangential mode peak of SWNT at 1590 cm~1
as well as the characteristic PBO peaks at 928, 1167,
1276, 1302, 1537, and 1618 cm~! were detected in the
heat-treated PBO/SWNT (90/10) fiber, superimposed
over strong fluorescence. The characteristic breathing
mode of the SWNT at around 200—300 cm~?* was buried
in the strong fluorescence. The PBO fiber spun under
the same conditions exhibited strong fluorescence mask-
ing the characteristic PBO peaks. Therefore, the com-
mercial PBO fiber (Zylon HM) Raman spectra was used
for comparison.

Conclusions

SWNTs were well-dispersed during PBO synthesis in
PPA. PBO/SWNT composite fibers have been success-
fully spun from the liquid crystalline solutions using

Macromolecules, Vol. 35, No. 24, 2002

dry-jet wet spinning. The addition of 10 wt % SWNT
increased PBO fiber tensile strength by about 50% and
reduced shrinkage and high-temperature creep. The
existence of SWNT in the spun PBO/SWNT fibers was
evidenced by the 1590 cm~! Raman peak.
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